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Abstract. The effect of the Pauli exclusion principle on the nucleus-nucleus bare potential is studied using a
new density-constrained extension of the Frozen-Hartree-Fock (DCFHF) technique. The resulting potentials
exhibit a repulsion at short distance. The charge product dependence of this Pauli repulsion is investigated.
Dynamical effects are then included in the potential with the density-constrained time-dependent Hartree-Fock
(DCTDHF) method. In particular, isovector contributions to this potential are used to investigate the role of
transfer on fusion, resulting in a lowering of the inner part of the potential for systems with positive Q-value
transfer channels.
1 Introduction
A dream shared by many theorists working on the quan-
tum many-body problem is to find a way to describe the
tunnelling of a many-body wave-function. For instance,
this would enable a fully microscopic description of sub-
barrier fusion, without other parameters than those of the
energy density functional describing the interaction be-
tween the nucleons.
Such a tool could then be used to investigate the long-
standing deep sub-barrier fusion hindrance puzzle [1–3]
(see Ref. [4] for a review). It is also crucial to predict
fusion cross-sections in systems such as 12C+12C at as-
trophysical energies in order to get a deeper insight into
stellar nucleosynthesis mechanisms (see, e.g., Ref. [5]
and the contributions to this conference from S. Courtin,
G. Fruet, E. Rehm, and N. T. Zhang for recent works).
In addition, it would help guiding experimental programs
aiming at studying the impact of exotic structures (e.g.,
neutron-skins and pigmy dipole resonances) and of the
continuum on fusion (see Refs. [6–8] and contributions
from D. Bazin, J. Kolata, R. T. de Souza and G. Colucci
for new or recent experimental programs).
However, such a theory is not yet available. Indeed,
microscopic descriptions of fusion reactions are based on
mean-field approximations, such as the time-dependent
Hartree-Fock (TDHF) theory, which do not account for
tunnelling of the many-body wave function. This is be-
cause more than one mean-field is required to describe the
outcome of a near-barrier reaction (one for the fused sys-
tem and one for the outgoing fragments).
Figure 1 shows TDHF density evolutions for 16O+16O
central collisions at near barrier energies, one leading to
fusion (just above the barrier) and one leading to two out-
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Figure 1. Example of isodensities obtained from TDHF calcu-
lations of 16O+16O central collisions at energies slightly below
(red) and just above (blue) the fusion barrier. Adapted from [9].
going fragments (below the barrier). We see that both col-
lisions lead to density distributions occupying different re-
gions of space. Thus, sub-barrier fusion, associated with
non-zero fusion and scattering probabilities, cannot be de-
scribed with a single local mean-field. In TDHF, fusion
probabilities are then either 0 or 1 for a given initial con-
dition.
A (temporary) solution is to reduce the many-body de-
scription to a two-body system (though it often oversimpli-
fies the problem) where the fusion probability is computed
from the transmission through a microscopically derived
nucleus-nucleus potential (see, e.g., Refs. [10–13]).
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In the present contribution we review recent micro-
scopic methods to determine the nucleus-nucleus poten-
tial and use them to predict fusion cross-sections. First,
we discuss the standard frozen Hartree-Fock (FHF) ap-
proach in section 2. We then extend this approach in
section 3 to incorporate the effect of the Pauli exclusion
principle between nucleons belonging to different colli-
sion partners using a new density-constrained extension
of the Frozen-Hartree-Fock (DCFHF) technique. The ef-
fect of Pauli repulsion on deep sub-barrier fusion is then
discussed in section 4. Finally, dynamical effects are
studied in section 5 using the density-constrained time-
dependent Hartree-Fock (DCTDHF) method. In particu-
lar, the isovector contributions to the dynamical potential
are used to get a deeper insight into the effect of transfer
on fusion.
2 The frozen Hartree-Fock (FHF) method
A standard approach is to compute the bare nucleus-
nucleus potential from frozen static Hartree-Fock (HF)
ground-state densities [14, 15] using the energy density
functional approach of Brueckner et al. [16]. The HF
ground-state of a nucleus is obtained by solving the varia-
tional principle
δ〈Φ|Hˆ|Φ〉 = 0, (1)
where |Φ〉 is an independent many-fermion state which can
be written as a Slater determinant of the occupied single-
particle states, ensuring a full account of the Pauli exclu-
sion principle in the ground-state density.
At the mean-field level, the state |Φ〉 contains the same
information on the system as the one-body density ma-
trix ρ. The energy of the system can then be written as
an energy density functional (EDF) E[ρ]. In practice, the
Skyrme EDF [17] is often used, where the energy density
H(r) only depends on the local part of ρ and of its deriva-
tives,
E[ρ] =
∫
d3r [ρ(r), τ(r), J(r) · · · ], (2)
where ρ(r), τ(r), and J(r) are the local particle, kinetic,
and spin-orbit densities, respectively. These densities are
symmetric under time-reversal transformations. For sys-
tems for which this symmetry does not hold, other densi-
ties such as the current density j(r) need to be taken into
account.
The method proposed by Brueckner [16] to get the
potential (assumed to be central) between the nuclei at a
distance R is to compute the total energy of the system
from the sum of the densities and subtracting the individ-
ual ground-state energies:
V(R) = E[ρ1 + ρ2] − E[ρ1] − E[ρ2] (3)
where ρ1 and ρ2 are the HF ground-state one-body density
matrices of the nuclei separated by a distance R.
It is important to note that, although the Pauli exclu-
sion principle is properly accounted for between nucleons
belonging to the same nucleus, it is neglected between nu-
cleons of different nuclei. The problem comes from the
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Figure 3. Strength function of the GMR in 40Ca.
the GMR in 40Ca. This is usually the case for the GMR in
light nuclei (see, e.g., Ref. [26] for a study of the GMR in
16O). However, the spreading width becomes dominant in
the GMR of heavy nuclei (see, e.g., a study of the GMR in
208Pb in Ref. [10]).
Finally, it is worth mentioning that recently similar
TDHF calculations have been performed to study the di-
rect decay from the GMR in 16O [26]. The spectrum
of emitted nucleons exhibits structures which reflect the
single-particle structure of the nucleus. To some level, GR
direct decay by nucleon emission could then be used to
investigate the shell levels in light nuclei.
3.2 Fusion mechanism
The merging of collision partners into a compound system
is a complex, highly non-linear, and irreversible process.
It is strongly coupled to internal structures of the colliding
partners r sulting from eir quantum nature, as well as
other r action mechanisms such as (multi)-nucl on trans-
fer.
3.2.1 Path to fusion in light systems
The reaction mechanisms depend on the characteristics
of the nuclei and in particular on their mass and charge.
Bringing light nuclei into contact is usually su cient to
cause them to fuse. This is il ustrated in Fig. 4 where the
nucleus-nucleu potential in 16O+16O is plotted as func-
tion of the relative distance R between the nuclei. We de-
fine R as the distance between the centers of mass of the
matter distribution on each side of the neck. The potential
is obtained from the frozen-HF technique, where the en-
ergy of the system is computed from the EDF considering
HF densities at a fixed distance. As a result, the fusion bar-
rier, generated from the competition between the nuclear
and the Coulomb potentials, is reached at R ' 8.4 fm.
The 16O+16O system has been recently investigated
with modern TDHF codes [47]. Fig. 4 also shows snap-
shots of the density at di↵erent distances from a TDHF
calculation at about Ec.m. = 12 MeV. We see that the two
nuclei are still well separated when the fusion barrier is
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Figure 4. Nucleus-nucleus potential as a function of the distance
between the centers of mass of the fragments in the 16O+16O sys-
tem from the frozen-HF technique. The snapshots show densities
at half the saturation density at R = 18, 8.4, 7 and 6 fm from a
TDHF calculation at Ec.m. = 12 MeV with the SLy4d interaction.
reached. A neck is formed inside the barrier, at ⇠ 7 fm. At
R ⇠ 6 fm, the size of the neck increases and the fragments
merge.
It is well known that fusion around the barrier is highly
sensitive to the structure of the colliding nuclei, in partic-
ular to their low-lying vibrational modes (like those de-
scribed in section 3.1.2) and to their rotational states [2].
The standard approach to describe the coupling between
the relative motion and these internal excitations is the
coupled-channel formalism [3]. However, TDHF calcu-
lations have also been used to describe the e↵ect of rota-
tion and deformation on fusion [49, 50]. One advantage
of the TDHF approach is that the coupling between the in-
ternal structure (e.g., low-lying vibrational and rotational
modes) and the relative motion is included at all orders at
the mean-field level. In particular, the energy of the states
and their transition amplitudes are not input parameters of
the calculations.
In addition, collective vibrations can appear built on
any shape of the system during its path to fusion. In par-
ticular, the pre-equilibrium giant dipole resonance, which
is excited in N/Z asymmetric collisions, has been stud-
ied in detail with modern TDHF codes [51–53]. It has
been shown that the properties of the pre-equilibriumGDR
could be used to infer the characteristics of the system on
its path to fusion. For instance, a lowering of the pre-
equilibrium GDR energy in comparison with the GDR in
a spherical nucleus could be related to a large deformation
of the compound system [52].
3.2.2 Fusion hindrance and quasi-fission in heavy
systems
As mentioned earlier, the path to fusion strongly depends
on the mass and charge of the nuclei. In fact, unlike light
systems, for the fusion of heavy systems contact between
the reactants is clearly not su cient. Indeed, the latter
exhibit fusion hindrance due to the quasi-fission mecha-
nism. Mass flow between the reactants occurs, leading
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Figure 2. Frozen Hartree-Fock nucleus-nucleus potential of
16O+16O with the SLy4d Skyrme parameterization.
fact that the total system is described by summing densi-
ties instead of building a properly antisymmetrised many-
body wave-function.
An example of such frozen Hartree-Fock (FHF) po-
tential is shown in Fig. 2 for 16O+16O. The nuclear part
is computed from the SLy4d parametrisation [18] of the
Skyrme functional and the Coulomb potential includes
both the direct and exchange (using the Slater approxima-
tion) contributions.
The surfaces represen isodensities at h lf the satura-
tion density ρ0/2 = 0.08 f −3. We see that, at the barrier,
the nuclei are still relatively far from each other, indicat-
ing that the overlap between their densities is small. The
Pauli exclusion principle is thus expected to play a minor
role near the barrier in such light systems. Well inside the
barrier, however, we see that the spatial overlap between
the nuclei is more significant, and is then expected to lead
to a “Pauli repul ion” [19].
3 Pauli repulsion
In the past, Pauli repulsion has been accounted for in the
nucleus-nucleus bare potential with various methods. For
instance, a direct antisymmetrisat on of the overlapping
wave-functions (e.g., with a Graam-Schmidt algorithm),
has been considered [19–21]. The pr blem with this tech-
nique is that it can potentially reduce the neck density in-
ducing too large Pauli repulsion [22]. Another traditional
method is to increase the kinetic density τ(r) (e.g., via the
Thomas- ermi mo el) [20, 21]. Thi method, however,
neglects the effect of the Pauli exclusion principle on other
terms of the functional, such as the spin-orbit term which
has been shown to absorb a large part of the Pauli repul-
sion [22]. Thus, the Pauli exclusion principle has a more
complicated effect than just increasing the kinetic energy
of the nucleons.
3.1 The density-constrained frozen Hartree-Fock
(DCFHF) method
The density-constrained frozen Hartree-Fock (DCFHF)
approach was proposed in Ref. [22]. It is a new method
to calculate microscopic bare nucleus-nucleus potentials
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Figure 3. Comparison of the FHF and DCFHF potentials in
16O+16O with the SLy4d parameterization.
taking into account the Pauli exclusion principle exactly. It
can be seen as the static counterpart of the well established
density-constrained time-dependent Hartree-Fock (DCT-
DHF) method to compute instantaneous dynamical poten-
tials in heavy-ion collisions [23] (see section 5).
The DCFHF method is based on a similar variational
principle as in Eq. (1) with additional constraints on the
proton and neutron local densities,
δ 〈Φ|
[
Hˆ −
∫
d3r λ(r)ρ(r)
]
|Φ〉 = 0, (4)
where the distinction between proton and neutron densities
has been omitted for clarity. The Lagrange parameters λ(r)
constrain the density at each point r to be the sum of the
HF ground-sate densities of the nuclei at a distance R.
The independent particle state |Φ〉 thus describes the
entire system and is fully antisymmetrised so that the Pauli
exclusion principle is accounted for exactly. It is used to
compute the DCFHF potential via
VDCFHF(R) = 〈Φ|Hˆ|Φ〉 − E[ρ1] − E[ρ2]. (5)
Figure 3 shows the FHF and DCFHF potentials in
16O+16O. As expected, the inclusion of the Pauli exclusion
principle has little effect near the barrier due to the small
overlap between the nuclei. However, a Pauli repulsion is
observed inside the barrier, increasing its width.
3.2 Charge product dependence
It is well known that the Coulomb barrier in light sys-
tems is obtained for small overlap between the nuclei (see
Fig. 2), while in heavy systems more overlap is required
for the strong nuclear interaction to counterbalance the
larger Coulomb repulsion. It is then interesting to inves-
tigate the charge product dependence of the Coulomb re-
pulsion.
Figure 4 shows a comparison of DCFHF potentials in
various systems. We observe an important increase of the
Pauli repulsion in the heavier systems. The pocket be-
comes shallower with increasing charge product Z1Z2 and
almost disappears in 48Ca+208Pb. Note that the two-body
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Figure 4. DCFHF potentials in various systems. RB and VB de-
note the FHF barrier radius and height, respectively.
picture for such heavy systems is questionable. Indeed, the
48Ca+208Pb case is extreme as the DCFHF calculation pre-
dicts that fusion is impossible at 3% below the barrier. In
fact, a smooth transition toward an adiabatic potential for
the compound system is expected [24] which would allow
fusion to occur at lower energies.
4 Deep sub-barrier fusion hindrance
Wether the pocket inside the barrier is physical or not, one
expects an increase of the barrier width due to Pauli repul-
sion and a resulting reduction of the tunnelling probability.
Pauli repulsion could then provide a possible contribution
to the deep sub-barrier fusion hindrance observed experi-
mentally [1–3].
4.1 Couplings to low-lying collective states
In order to predict deep sub-barrier fusion cross-sections,
it is important to take into account couplings to low-lying
collective states. This is done traditionally within the
coupled-channel (CC) framework (see Ref. [25] for a re-
cent review). The CC approach starts with an ion-ion po-
tential whose origin does not include any excitations of
the nuclei, that is, the “bare” potential. In that sense, FHF
and DCFHF potentials, being computed from ground-state
densities, can in principle be used in CC calculations.
However, in addition to the repulsion at short distance,
the Pauli exclusion principle is expected to change the in-
ternal structure of the reactants and could then affect the
coupling to low-lying collective states (see discussion in
the supplemental material of Ref. [22]). In particular, it
could induce a damping mechanism of collective vibration
during the fusion process which requires extension of the
standard coupled-channel method [26].
Moreover, potentials with Pauli repulsion in medium-
mass and heavy systems are often shallow (see Fig. 4), in-
ducing numerical instabilities in CC calculations. This is
illustrated in Fig. 5 where CC calculations of 16O+208Pb
fusion cross-sections down to deep sub-barrier energies
have been performed with the ccfull code [28] using
the DCFHF potential with different choices of absorbing
boundary condition parameters. Although the coupling to
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Figure 5. Fusion cross-sections from ccfull with the DCFHF
potential and couplings to the first collective 3− state in target
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from Refs. [2, 27].
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the first octupole phonon (3− state) in projectile and tar-
get produces a relatively good overall agreement with ex-
perimental data [2, 27], we see that the behaviour at deep
sub-barrier energies strongly depends on the choice of ab-
sorbing boundary conditions.
Thus, to calculate fusion cross-sections at deep sub-
barrier energies, in particular their logarithmic slopes, we
use a simpler one-barrier penetration model and an overall
shift of the fusion cross-sections in order to account for the
overall effect of the couplings as suggested in Ref. [2].
The results are shown in Figs. 6 and 7. We observe
a better agreement with experimental data at deep sub-
barrier energies for calculations with the DCFHF poten-
tial. In particular the logarithmic slope is improved. Nev-
ertheless, discrepancies with experimental data remain,
showing that the inclusion of the Pauli repulsion provides
only part of the solution to the deep sub-barrier fusion hin-
drance problem.
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in Fig. 6.
4.2 Other hindrance mechanisms
Let us pause to review briefly the other mechanisms in-
voked in the literature to explain deep sub-barrier fusion
hindrance.
• Mis¸icu and Esbensen have argued that a pocket was
formed inside the barrier due to the incompressibility
of nuclear matter and the large density overlap between
the nuclei [29].
• Ichikawa, Hagino and Iwamoto suggested that the hin-
drance could be due to a smooth transition from sudden
to adiabatic potentials [30].
• Dasgupta and collaborators invoked a possible decoher-
ence mechanism reducing the effect of the couplings to
low-lying collective states [2].
• The ANU group has investigated dissipation mecha-
nisms induced by cluster transfer which could reduce
the fusion probability [31, 32].
• Ichikawa and Matsuyanagi have suggested the possibil-
ity of a reduction of the collectivity of vibrational modes
on the way to fusion [26].
The Pauli exclusion principle induces two additional
possible fusion hindrance mechanisms. The first one is
due to the widening of the barrier from Pauli repulsion.
The second one is the alteration of the couplings and col-
lectivity of the low-lying states (an effect analogous to
Ichikawa and Matsuyanagi’s idea) due to the change of
the internal structure induced by Pauli blocking.
It is likely that more than one of the above effects
contribute to the observed fusion hindrance at deep sub-
barrier energies. However, the incompressibility is un-
likely to play a strong role. Indeed, standard FHF calcula-
tions properly account for this effect as they are based on
a Skyrme EDF fitted to reproduce the incompressibility of
infinite nuclear matter. Yet, these calculations do not show
any hindrance (see Figs. 6 and 7). It is more likely that
the repulsion potential introduced phenomenologically by
Mis¸icu and Esbensen in [29] is in fact simulating the effect
of the Pauli repulsion [22].
5 Dynamical nucleus-nucleus potential
Apart from incompressibility, all the fusion hindrance
mechanisms proposed above are in fact dynamical effects,
involving time evolution in one way or another. We then
naturally turn to a time-dependent generalisation of the
DCFHF method to incorporate dynamical effects in the
calculation of the potential.
5.1 The density-constrained time-dependent
Hartree-Fock method
The density-constrained time-dependent Hartree-Fock
(DCTDHF) method has been widely discussed and used
in the literature [10, 13, 33–37]. To get a nucleus-nucleus
DCTDHF potential, the starting point is a TDHF calcula-
tion of a collision above the fusion barrier.
The TDHF equation is the time dependent generalisa-
tion of the variational principle (1)
δ 〈Φ|(Hˆ − i∂t)|Φ〉 = 0. (6)
Modern TDHF codes [18, 33, 38–42] have been used in
a large number of fusion studies. See Refs. [43–48] for
recent applications to fusion. See also recent reviews [49,
50] and contributions to this conference from A. S. Umar,
L. Guo, K. Vo-Phuoc, K. Washiyama, G. Scamps, P. D.
Stevenson, B. Schuetrumpf, K. Sekizawa and A. Bulgac
for applications of TDHF and its extensions.
Figure 1 shows an example of density evolution in
16O+16O central collisions. At above barrier energies, a
set of densities leading to the compact fused system is ob-
tained. The idea behind DCTDHF is then to use these den-
sities as constraints in Eq. (4) and to compute the potential
from Eq. (5). The Pauli exclusion principle is included
exactly as the TDHF density is obtained from a fully anti-
symmetrised state |Φ〉 describing the entire system. Note
that, as the DCTDHF potential already incorporates dy-
namical effects, it is not a bare potential and should not
be used in coupled-channels calculations. An effect of the
couplings between relative motion and internal excitations
is to induce an energy dependence of the potential [13].
5.2 (Isovector) transfer couplings
In a recent work [51], we used the following decomposi-
tion of the energy density
H(r) = ~
2
2m
τ(r) +H0(r) +H1(r) +HC(r), (7)
where H0, H1 and HC are the isoscalar, isovector, and
Coulomb contributions, respectively, in order to separate
the isoscalar (v0) and isovector (v1) contributions to the
DCTDHF potential,
V(R) = v0(R) + v1(R) + VC(R), (8)
where VC is the Coulomb potential.
In the static case (e.g., FHF and DCFHF), the isovec-
tor potential v1 vanishes. It is thus entirely induced by
Isovector (transfer) dynamics with DCTDHF
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FIG. 2. (Color online) For the 16O+208Pb system; (a) Total and
isoscalar DC-TDHF potentials at Ec.m. = 75MeV. The shaded re-
gion corresponds to the reduction originating from the isovector
contribution to the energy density. (b) Same as in (a) except for
Ec.m. = 90MeV. (c) Same as in (a) except for Ec.m. = 120MeV.
the isoscalar barrier is due to the isovector contribution. It is
evident that the isovector dynamics results in the narrowing
of the fusion barrier, thus resulting in an enhancement of the
sub-barrier fusion cross-sections. The insert in Fig. 1 shows
the isovector and isoscalar components without the Coulomb
contribution. We have also calculated fusion barriers for the
40Ca+40Ca and 48Ca+48Ca systems, where the isovector con-
tribution is zero as expected from symmetry.
As an example of a more asymmetric system we performed
calculations for the 16O+208Pb system at Ec.m. = 75MeV. Re-
sults are shown in Fig. 2(a). Here we see a substantial en-
hancement of sub-barrier fusion due to the isovector dynam-
ics. For this system we have performed further calculations at
c.m. energies of 90MeV and 120MeV shown in Fig. 2(b-c).
As the beam energy increases, the relative contribution from
the isovector component to the total barrier decreases, while
the overall barrier height increases with increasing energy. At
TDHF energies much higher than the barrier height the total
barriers approaches the frozen density barrier [54,65] due to
the inability of the system to rearrange at that time-scale at
which time the isovector contribution vanishes as well. The
above results demonstrate the influence of isovector dynamics
on typical fusion barriers.
We next look at Ca+Sn reactions. The experimental ob-
servation of a sub-barrier fusion enhancement in the sys-
tem 40Ca+132Sn as compared to more neutron-rich sys-
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region corresponds to the reduction originating from the isovector
contribution. In (b) we see no isovector effect. The inserts show
the isoscalar and isovector contributions to the interaction barrier
without the Coulomb potential. The TDHF collision energy was
Ec.m. = 120MeV.
tem 48Ca+132Sn was the subject of a previous DC-TDHF
study [66], where it was shown that the fusion barriers for the
two systems have essentially the same height but the fusion
barrier for the 48Ca+132Sn system was much wider than that
for the 40Ca+132Sn system. We see in Fig. 3(a) a strong reduc-
tion of the isoscalar barrier due to the isovector contribution.
This behavior is similar to that of the previous two systems
albeit the isovector reduction is somewhat larger as shown in
the insert of Fig. 3(a). We then performed the same calculation
for the 48Ca+132Sn system as shown in Fig. 3(b). The startling
result is the vanishing of the isovector contribution. With no
isovector reduction the fusion barrier for this system is much
wider than that for the 40Ca+132Sn system for which substan-
tial reduction occurs. The absence of the isovector component
for the 48Ca+132Sn system could be a reflection of the negative
Q values for neutron pickup. This is the first direct observa-
tion of this phenomena in microscopic calculations. This may
also explain why for the 48Ca+132Sn system simply consid-
ering the 2+ and 3  excitations of the target and projectile
in coupled-channel calculations is able to reproduce the sub-
barrier fusion cross-sections, whereas doing the same for the
40Ca+132Sn system grossly under-predicts the cross-sections.
In Ref. [17], this was attributed to transfer which manifests
itself in the isovector dynamics.
In all the studied systems, we observe an isovector reduc-
tion in the presence of positive Q values for transfer chan-
nels. This can be understood from the CrI r
2
I term in Eq. (3)
which quantitatively dominates. When an isospin equilibra-
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FIG. 2. (Color online) For the 16O+208Pb system; (a) Total and
isoscalar DC-TDHF potentials at Ec.m. = 75MeV. The shaded re-
gion corresponds to the reduction originating from the isovector
contribution to the energy density. (b) Same as in (a) except for
Ec.m. = 90MeV. (c) Same as in (a) except for Ec.m. = 120MeV.
the isoscalar barrier is due to the isovector contribution. It is
evident that the isovector dynamics results in the narrowing
of the fusion barrier, thus resulting in an enhancement of the
sub-barrier fusion cross-sections. The insert in Fig. 1 shows
the isovector and isoscalar components without the Coulomb
contribution. We have also calculated fusion barriers for the
40Ca+40Ca and 48Ca+48Ca systems, where the isovector con-
tribution is zero as expected from symmetry.
As an example of a more asymmetric system we performed
alculati s for th 16O+208Pb system t Ec.m. = 75MeV. Re-
sults are shown in Fig. 2(a). Here we see a substantial en-
hancement of sub-barrier fusion due to the isovector dynam-
ics. For this system we have performed further calculations at
c.m. energies of 90MeV and 120MeV show in Fig. 2(b-c).
As the beam energy increases, the relative contribution from
the isovector component to the total b rrier decreases, whil
the overall barrier height in reases with increasing energy. At
TDHF energies much higher than the barrier height the total
barriers approaches the fr zen density barrier [54,65] due to
the inability of the system to r arrange at t at time-scale at
which time the isovector contribution vanishes as well. The
above results demonstrate the influence of isovector dynamics
on typical fusion barriers.
We next look at Ca+Sn reactions. Th experiment ob
servation of a sub-barrier fusion nhancement in the sys
tem 40Ca+132Sn as compared to more n utron-rich sys-
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Total and isoscalar DC-TDHF pote tials. In (a) the blue shaded
region corresponds to the reduction originating from the isovector
contribution. In (b) we see no isovector effect. The inserts show
the isoscalar and isovector contributions to the interaction barrier
without the Coulomb potential. The TDHF collision energy was
Ec.m. = 120MeV.
tem 48Ca+132Sn was the subject of a previous DC-TDHF
study [66], where it was shown that the fusion barriers for the
two systems have essentially the same height but the fusion
barrier for the 48 132 system was much wider than that
for the 40Ca+132Sn system. We see in Fig. 3(a) a strong reduc-
tion of the isoscalar ba rier due to the isovector contribution.
This behavior is similar to that of the previous two systems
albeit the isovector reduction is somewhat larger as shown in
the insert of Fig. 3(a). We then performed the same calculation
for the 48Ca+132Sn system as shown in Fig. 3(b). The startling
result is the vanishing of the isovector contribution. With no
isovector reduction the fusion barrier for this system is much
wider than that for the 40Ca+132Sn system for which substan-
tial reduction occurs. The absence of the isovector component
for the 48Ca+132Sn system could be a reflection of the negative
Q values for neutron pickup. This is the first direct observa-
tion of this phenomena in microscopic calculations. This may
also explain why for the 48Ca+132Sn system simply consid-
ering the 2+ and 3  excitations of the target and projectile
in coupled-channel calculations is able to reproduce the sub-
barrier fusion cross-sections, whereas doing the same for the
40Ca+132Sn system grossly under-predicts the cross-sections.
In Ref. [17], this was attributed to transfer which manifests
itself in the isovector dynamics.
In all th studied systems, we observe an i ovector reduc-
tion in the presence of positive Q values for transfer ch
ne s. This can be understood from the CrI r
2
I term in Eq. (3)
which quantitatively do inates. When an isospin quilibra-
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Figure 8. DCTDHF potential in 16O+208Pb with (black) and
without (red) isovector contribution v1 from a near-barrier TDHF
evolution at Ec.m. = 75 MeV.
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gion corresponds to the reduction originating from the isovector
contribution to the energy density. (b) Same as in (a) except for
Ec.m. = 90MeV. (c) Same as in (a) except for Ec.m. = 120MeV.
the isoscalar barrier is due to the isovector contribution. It is
evident that the isovector dynamics results in the narrowing
of the fusion barrier, thus resulting in an enhanceme t of the
sub-barrier fusion cross-sections. The insert in Fig. 1 shows
the isovector and isoscalar components without the Coulomb
contribution. We have also calculated fusion barriers for the
40Ca+40Ca and 48Ca+48Ca systems, where the isovector con-
tribution is zero as expected from symmetry.
As an example of a more asymmetric system we performed
calculations for the 16O+208Pb system at Ec.m. = 75MeV. Re-
sults are shown in Fig. 2(a). Here we see a substantial en-
hancement of sub-barrier fusion due to the isovector dynam-
ics. For this system we have performed further calculations at
c.m. energies of 90MeV and 120MeV shown in Fig. 2(b-c).
As the beam energy increases, the relative contribution from
the isovector component to the total barrier decreases, while
the overall barrier height increases with increasing energy. At
TDHF energies much higher than the barrier height the total
barriers approaches the frozen density barrier [54,65] due to
the inability of the system to rearrange at that time-scale at
which time the isovector contribution vanishes as well. The
above results demonstrate the influence of is vector dynamics
on typical fusion barriers.
We next look at Ca+Sn reactions. The experimental ob-
servation of a sub-barrier fusion enhancement in the sys-
tem 40Ca+132Sn as compared to more neutron-rich sys-
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FIG. 3. (Color online) For (a) 40Ca+132Sn, (b) 48Ca+132Sn systems;
Total and isoscalar DC-TDHF potentials. In (a) the blue shaded
region corresponds to the reduction originating from the isovector
contribution. In (b) we see no isovector effect. The inserts show
the isoscalar and isovector contributions to the interaction barrier
without the Coulomb potential. The TDHF collision energy was
Ec.m. = 120MeV.
tem 48Ca+132Sn was the subject of a previous DC-TDHF
study [66], where it was shown that the fusi n barriers for the
two systems have essentially the same height but the fusion
barrier for the 48Ca+132Sn system was much wider than that
for the 40Ca+132Sn system. We see in Fig. 3(a) a strong reduc-
tion of the isoscalar barrier due to the isovector contribution.
This behavior is similar to that of the previous two systems
albeit the isovector reduction is somewhat larger as shown in
the ins t of Fig. 3(a). We then performed the same calcula on
for the 48Ca+132Sn system as shown in Fig. 3(b). The startling
result is the vanishing of the isovector contribution. With no
isovector reduction the fusion barrier for this system is much
wider than that for the 40Ca+132S system for which substan-
tial reduction occurs. The absence of the isovector component
for the 48Ca+132Sn system could be a reflection of the negative
Q values for neutron pickup. This is the first direct observa-
tion of this phenomena in microscopic calculations. This may
also explain why for the 48Ca+132Sn system simply consid-
ering the 2+ and 3  excitations of the target and projectile
in coupled-channel c lculations is able to reproduce the sub-
barrier fusion cross-sections, whereas doing the same for the
40Ca+132Sn system grossly under-predicts the cross-sections.
In Ref. [17], this was attributed to transfer which manifests
itself in the isovector dynamics.
In all the studied systems, we observe an isovector reduc-
tion in the presence of positive Q values for transfer chan-
nels. This can be understood from he CrI r
2
I term in Eq. (3)
which quantitatively dominates. When an isospin equilibra-
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Figure 9. (Right) Same as Fig. 9 for 40,48Ca+132Sn re c ions at
Ec.m. = 120 MeV. (Left) final proton number pro ability distri-
butions in the heavy fragment just below the arrier.
dynamical effects. For instance, systems with N/Z asym-
metries encounter a rapid charge equilibration (transfer of
protons and neutrons in opposite directions) [52] which
has a strong impact on v1 [51]. This is illustrated in Fig. 9
for the 16O+208Pb sy t m, where large reduction of the
potential inside the barrier is induced by isovector trans-
fer The resulting effect on the inner part of the potential
is then opposite to the Pauli repulsion.
We then used this technique to investigate the impact
of transfer on heavier systems where experimental signa-
tures are not so clear [4, 53]. The isovector reduction of the
pote t al due to transfer c an els depend naturally the
presence of ositive Q−value transfer channels. As shown
in Fig. 9, is vec or reducti is observed in 40Ca+132Sn
whic as s veral positive Q−value transfer channels, but
not in 48Ca+132Sn which has o positive Q−value tran fer
channel. This is also confirmed by the proton number dis-
tributions in the heavy fragments obtained just below the
barrier from a particle number projection technique [54]
which show almost no proton transfe in 48Ca+132Sn (left
panels in Fig. 9; see also Ref. [46] and K. Vo-Phuoc’s con-
tribution). A similar effect (not shown in Fig. 9) is ob-
served for neutron transfer.
The above analysis provides an explanation for the
fact that fusion in the 48Ca+132Sn system is relatively well
explained by standard CC calculations neglecting trans-
fer, whereas they underpredict the fusion cross sections
in 40Ca+132Sn [55]. Indeed, transfer is expected to in-
crease sub-barrier fusion in the latter system thanks to a
narrowing of the barrier (see Fig. 9-a). As DCTDHF po-
tentials account both for transfer effects and Pauli repul-
sion, the calculated sub-barrier fusion cross-sections from
such potentials are in relatively good agreement with ex-
periment [35], despite the fact that these calculations have
no adjustable parameters.
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